Purpose: To investigate the corneal backward scattering and higher-order aberrations (HOAs) in children with vernal keratoconjunctivitis (VKC) and normal topography. Methods: Thirty-six eyes of 22 patients with VKC and 54 eyes of 34 normal subjects were included. All participants had clear cornea, absence of dry eyes and a normal corneal tomography. Scheimpflug imaging was used to measure corneal backward scattering in zones centred on the corneal apex (central 2-mm zone and paracentral 2-to 6-mm zone), and HOAs were compared between VKC and normal control. Results: The mean age of participants was 12.0 AE 4.1 years in VKC group and 11.2 AE 4.1 years in control group (p = 0.339). There was no significant intergroup difference in mean keratometry, astigmatism and apex pachymetry (p ≥ 0.076). Total corneal backscatter was higher in the VKC group compared to the control group (p ≤ 0.012). Anterior and posterior cornea displayed a higher level of backward scattering in the VKC group (p < 0.001 for anterior; p ≤ 0.048 for posterior). Patients with VKC exhibited higher total HOAs and coma (p ≤ 0.036). There were significant correlations between total anterior HOAs and backward scattering measured at the central (r = 0.500; p = 0.032) and paracentral zones (r = 0.470; p = 0.024) for VKC. Conclusion: The current study showed optical quality changes in patients with clear corneas and quiescent VKC. An increase in corneal backward scattering and HOAs was noted in patients with VKC as compared to normal patients.
Introduction
Vernal keratoconjunctivitis (VKC) is a chronic allergic ocular surface disease characterized by recurrent episodes of ocular inflammation. It is most often seen in children and adolescents. The hallmark of the disease is the presence of irregular, cobblestone papillae at the upper tarsal conjunctiva in tarsal type of VKC, or several gelatinous infiltrations at limbus in bulbar type of VKC (Bonini et al. 2004) . Some patients have mixed type of VKC with a combination of tarsal and bulbar involvement. Corneal involvement may be in the form of superficial punctate keratopathy, corneal erosions, corneal shield ulcer and corneal plaque (Cameron 1995) . Studies have shown that 6% of patients with VKC develop complications that can lead to permanent visual loss (Gormaz & Eggers 1983; Bonini et al. 2000; Leonardi et al. 2006) . Keratoconus or corneal ectasia has an unusually high incidence in VKC patients ranging from 14% to 27% (Cameron et al. 1989; Totan et al. 2001; Lapid-Gortzak et al. 2002; Barreto et al. 2007) . It is also known that keratoconus tends to be more severe and affects younger patients with VKC (Cingu et al. 2013 ). This could be attributed to a combination of mechanical insults and chronic inflammation in these eyes (Sawaguchi et al. 1989; McMonnies 2009) . Systemic autoimmunity may also play a role in the disease pathogenesis (Zicari et al. 2013a) . The chronic ocular surface inflammation and mechanical disturbance in VKC could lead to changes in corneal wavefront and light scattering properties. Studies using confocal microscopy demonstrated alternations in corneal epithelium and sub-basal e327 and stromal nerves in patients with VKC (Leonardi et al. 2012) . Alterations of corneal nerves were evident in VKC patients with intense photophobia despite the absence of keratopathy (Nebbioso et al. 2015) . These structural changes could modify the optical quality of the cornea. Wavefront technology has been used to measure the corneal HOAs, which were found to be high in patients with dry eyes and keratoconus (Maeda et al. 2002; Nakagawa et al. 2009; MontesMico et al. 2010 ). More recently, corneal backward scattering or densitometry has been suggested as an objective measure of corneal health (Otri et al. 2012) . It is known that high levels of corneal backward scattering can be detected even in corneas that are considered to be clear. The Scheimpflug imaging system provides reproducible and objective data from the cornea surface. Its inbuilt corneal densitometry function provides standardized information regarding the clarity of the cornea. Its use has been described in measurement of postrefractive corneal haze, infective keratitis, corneal dystrophies and keratoconus (Van de Pol et al. 2001; Ha et al. 2010; Otri et al. 2012; Lopes et al. 2014; Wacker et al. 2015) .
The purpose of the present study was to investigate the corneal backward scattering and HOAs in VKC patients with normal topography.
Patients and Methods
This was a comparative, cross-sectional study that included patients with VKC and normal subjects aged 21 years or less who visited the Hong Kong Eye Hospital and the Chinese University of Hong Kong Eye Centre. The Hospital Authority Kowloon Center Cluster Clinical Research Ethics Committee approved the study protocol. A written and informed consent was obtained from the parents of all participants. The study adhered to the tenets of the Declaration of Helsinki.
The diagnosis VKC was based on a history of ocular surface inflammation characterized by itching, photophobia, tearing and mucous discharge, and the presence of a papillary reaction on the upper tarsal conjunctiva or at the limbus. Vernal keratoconjunctivitis (VKC) was graded on the basis of the clinical grading previously proposed by Sacchetti et al. (2010) An independent age and gendermatched control group with a CDVA at least 20/25 was recruited from the Orthoptics Service of the hospital. Table 1 summarizes the inclusion and exclusion criteria for normal eyes and eyes with VKC in the current study.
We routinely perform tomographic assessment for patients with VKC in our clinic to detect early signs of corneal ectasia. For the current study, all measurements performed during the quiescent or mild phase of the disease were recorded. In addition to a complete ophthalmic examination including slit-lamp assessment and fundus examination, corneal tomography, light backward scattering and corneal wavefront aberrations are measured using Pentacam (Oculus, Inc.). The Pentacam images were obtained in a dark room to ensure minimal interference from other light sources. Any image with quality specification coloured red was discarded and excluded from the analysis. Each eye was scanned at least twice, and images with good quality were included. Patients were asked to discontinue contact lens wear before corneal imaging (rigid contact lens ≤4 weeks and soft contact lens ≤2 weeks).
Measurement of corneal backward scattering
Corneal backward scattering or densitometry was measured in concentric zones centred on the apex of the cornea. The output was expressed in greyscale units (GSU), which defines a minimum light scattering of 0 and maximum light scattering of 100. The first zone covers the annulus with 2 mm of central corneal diameter, second zone extends from 2-to 6-mm, third zone covers 6-10 mm diameter and the last zone extends from 10 to 12 mm. Analysis can also be divided by depth into three layers with the anterior layer corresponding to the anterior 120 lm of corneal thickness. The posterior layer consists of the most posterior 60 lm of the cornea. The central corneal layer is calculated by subtracting the anterior and posterior layers from total corneal thickness (Fig. 1 ). Individual and average values of the central and second (paracentral) zones were obtained for analysis. We did not analyse the values of peripheral zones as the repeatability and reproducibility in this region has been shown to be weak (Ni Dhubhghaill et al. 2014 ). An example of the data output for densitometry assessment is shown in Fig. 2A .
Measurement of higher-order aberrations
Corneal wavefront aberrations were obtained using a 6-mm pupil diameter. The magnitudes of coefficients of Zernike polynomials were represented as root mean square (RMS) in micrometres. For each pair of the standard Zernike terms for the third-and fourthorder aberrations, which include coma, trefoil, secondary astigmatism and quadrafoil, a combined value was calculated (Kosaki et al. 2007 ). The magnitude of spherical aberration was expressed as positive or negative. Total HOAs were also obtained. Data for the whole cornea as well as the anterior and posterior surfaces were retrieved for analysis. An example of the data output for HOAs assessment is shown in Fig. 2B .
Statistical analysis
Statistical analysis was performed using R 3.3.1 (R Foundation, Vienna, Austria). Chi-square test was used to compare the gender ratio between groups. Mann-Whitney U-test was used to compare the age between groups. Mean and standard deviation for all parameters were estimated by empirical bootstrap. In each replicate, one eye from each resampling subject was sampled for evaluating the estimation to eliminate the correlation of fellow eyes.
Comparison of mean values for all parameters between VKC and control groups was performed using nonparametric bootstrapping t-test. Correlation between corneal backward scattering and HOAs was estimated by Spearman correlation through bootstrapping. 2,000 replicates were sampled in each bootstrap evaluation. Correlation between disease duration and corneal backward scattering as well as total HOAs was evaluated in eyes with VKC. A p-value < 0.05 was considered statistically significant. Boxplot diagrams showing the median and interquartile range (IQR) with the ends of whisker representing 1.5 IQR were constructed for corneal backward scattering and HOAs.
Results
A total of 90 eyes were included in the current study, 36 eyes of 22 VKC patients and 54 eyes of 34 normal subjects. The mean age was 12.0 AE 4.1 (range: 5.2-20.4) years for patients with VKC and 11.2 AE 4.1 (range: 4.6-19.9) years for patients in the control group (p = 0.339). The female to male ratio was 6/16 and 12/22 for VKC and control groups, respectively (p = 0.530). All patients with VKC had a history of active disease requiring the use of topical corticosteroid eye drops at least once during the course of the disease. None of these patients had corneal scarring. The average disease duration including active and quiescent phases was 4.8 AE 4.6 years (range: 8 weeks to 13 years).
The logMAR value of CDVA for eyes with VKC and normal eyes was 0.064 AE 0.007 and 0.061 AE 0.06, respectively (p = 0.878). There was no significant intergroup difference in mean keratometry and astigmatism of anterior and posterior corneal surfaces as well as apical pachymetry (p ≥ 0.076) between VKC and control groups. The Pentacam tomographic indices and final D value of BAD were within normal limits in all eyes. There was no significant difference in any of the corneal tomographic parameters between both groups (p ≥ 0.124), except the minimum axial radius of curvature (p = 0.012; Table 2 ). The total corneal backscatter was higher in the VKC group for the average of central and second zones (p = 0.012). When the densitometry values were analysed depth wise, the anterior zone displayed a higher level of backward scattering in the VKC group compared to the control group (p < 0.001). There was no significant intergroup difference for the central corneal layer (p = 0.208). A significant intergroup difference was observed in the posterior layer (p = 0.008; Table 3 ). Boxplot diagrams of corneal backward scattering or densitometry values are shown in Fig. 3 .
Compared with the control group, patients in the VKC group had a significantly higher total HOAs and coma (p ≤ 0.036). There was no significant intergroup difference for trefoil, quadrafoil, secondary astigmatism and spherical aberration (p ≥ 0.232). A depth-wise analysis of the wavefront parameters showed a significant difference in anterior total HOAs and posterior trefoils between both groups (p ≤ 0.032; Table 4 ). Boxplot diagrams showing the median and IQR with the ends of whisker representing 1.5 IQR for HOAs are shown in Fig. 3 . Boxplot diagrams of corneal higher-order aberration values are shown in Fig. 4 .
Correlation analysis between corneal backward scattering and HOAs demonstrated a significant association between anterior total HOAs and anterior densitometry values measured at the central (r = 0.500; p = 0.032) and second zones (r = 0.470; p = 0.024) for VKC, but not for the eyes in the control group (p ≥ 0.612). There was no significant correlation between disease duration and corneal backward scattering (p ≥ 0.237) as well as corneal HOAs (p ≥ 0.189) in the VKC group.
Discussion
The current study assessed the optical quality characteristics in patients with VKC. Despite including only cases with clear corneas and normal topography, our study showed significantly higher total corneal backward scattering, total HOAs and coma aberrations within the central 6 mm cornea in VKC patients compared to the controls. This illustrates the ability of corneal densitometry and wavefront analysis to detect early structural changes in this group of patients.
Corneal transparency is maintained by complex mechanisms including the state of hydration and regular arrangement of collagen fibrils (O'Donnell & Wolffsohn 2004) . In an optically transparent cornea, only minor light scattering occurs within the corneal tissue. The anterior 120 microns of corneal thickness has been shown to display the highest degree of light backscatter measured by Scheimpflug densitometry in normal population (Ni Dhubhghaill et al. 2014 ). This can be explained by the layered structure of the cornea, as the organization of the corneal lamellae displays a weaving pattern in the anterior stroma while the posterior stroma shows a higher degree of organization with lamellae lying regularly in the plane of the cornea (Ruberti et al. 2011) . The density of keratocytes in the anterior cornea is also higher than in the central and posterior cornea (Patel et al. 2001) .
In our study, we observed higher amount of backward scattering in the anterior cornea in patients with VKC compared to the control group. As VKC mainly affects the ocular surface, structural changes in the anterior cornea can lead to an increase in backward scattering. Corneal backscatter is expected to increase with a loss in transparency resulting from the swelling and disruption of the collagen matrix caused by invasion of inflammatory cells or following tissue remodelling (Kumagai et al. 2006) . Corneal confocal microscopy findings revealed corneal neuropathy and presence of inflammatory cells in the epithelial and anterior stromal layers in patients with VKC (Leonardi et al. 2012) . Systemic inflammatory mediators were also reported to play a role in the pathogenesis of VKC and could possibly lead to corneal damage through the production of pro-inflammatory mediators and recruitment of leucocytes (Zicari et al. 2013b (Zicari et al. , 2014 . Furthermore, repeated mechanical microtrauma on the cornea epithelium by the thickened eyelid as well as eye rubbing can alter the corneal microarchitecture.
We also observed higher posterior corneal backward scattering in patients with VKC compared to the controls. Higher corneal backward scattering has been reported in keratoconus patients (Lopes et al. 2014) . The backscatter level was higher in more advanced keratoconus at all corneal depths. We are not aware of any association between corneal backward scattering and the risk of developing keratoconus in patients with VKC.
Future studies are warranted to elucidate its significance.
Previous studies reported a higher prevalence of abnormal corneal topographic patterns in VKC compared to healthy subjects, with superior steepening being a common feature in VKC (Lapid-Gortzak et al. 2002; Barreto et al. 2007 ). In our series, there were significantly higher total HOAs and coma in the VKC group compared to controls despite the presence of normal and comparable topography in both groups. Similar to the difference observed in corneal backward scattering, the HOAs in VKC might be caused by epithelial irregularity due to compression by the upper lid or by the stromal tissue modelling during the disease process. This was supported by the higher anterior total HOAs in VKC, but similar posterior wavefront values between VKC and control groups. Furthermore, total HOAs correlated positively with backward scattering at the anterior cornea in our VKC patients supporting the presence of structural and functional alternations mainly on the anterior corneal surface.
Our study was limited by its retrospective nature and a small sample size. Although we excluded cases with abnormal tomography and keratoconus, cases with undetected subclinical keratoconus could have affected the findings of our study. We matched the VKC and control groups to minimize this bias. Furthermore, dry eye has been associated with allergic conjunctivitis and also increased corneal backward scattering as well as HOAs (Denoyer et al. 2012; Koh et al. 2014; Chen et al. 2016) . A recent study reported an association between VKC and dry eye parameters such as tears break-up time and corneal sensitivity (Villani et al. 2015) . All of our patients did not suffer from dry eye. Future studies are warranted to investigate the effect of dry eye on corneal backward scattering and HOAs in patients with VKC.
There is no established normative database for cornea densitometry values in the paediatric population. We demonstrated an increased corneal light backscatter and HOAs in eyes with quiescent VKC compared to normal eyes. Evaluation of optical quality * p-value < 0.05 was considered statistically significant. HOA = higher-order aberrations, SD = standard deviation, VKC = vernal keratoconjunctivitis. parameters in patients with VKC may be desirable to elucidate the longitudinal changes in this group of patients. Future studies can corroborate the findings of our study.
